A new computational fluid dynamic code has been developed for the study of mixing and chemical reactions in the flow fields of ramjets and scramjets. The code employs an implicit finite volume, lower-upper symmetric successive overrelaxation scheme (LU-SSOR) for solving the complete two-dimensional Navier-Stokes equations and species transport equations in a fully-coupled and very efficient manner. The combustion processes are modeled by an 8-species, 14-step finite-rate chemistry model whereas turbulence is simulated by a Baldwin-Lomax algebraic model. comparing the numerical calculations with both experimental data and previous calculations of a cold flow helium injection into a straight channel and premixed hydrogen-air reacting flows in a ramped duct. The code is then used to calculate the mixing and chemical reactions of a hydrogen jet transversely injected into a supersonic air stream. Results are presented that describe the flow field, the recirculation regions in front and behind the injector, and the chemical reactions.
INTRODUCTION
The recent interest in hypersonic vehicles has created a need for efficient numerical methods for the prediction of turbulent mixing and combustion in transonic and supersonic flows. In developing such a predictive method, numerical stability and efficiency are two important aspects that have to be considered. The stability problem arises mainly from the stiffness of the chemical source terms in the species concentration equations. The concern over the numerical efficiency, on the other hand, is mainly caused by the large number of species equations that have to be solved along with the flow equations and the close coupling between the flow and the chemistry. years a number of numerical methods (refs. 1 to 4 ) , have been developed for the calculation of steady-state supersonic reacting flows. Most of these methods have treated chemical source terms implicitly to remove the stiffness associated with the species equations. While this approach (treating chemical source terms implicitly) has been successful in circumventing the stiffness limitation, most existing methods have suffered from numerical inefficiency. The
In recent *Member AIAA. m a j o r i t y o f the r e a c t i n g flow codes developed t o d a t e has adopted e x p l i c i t i n t e g r a t i o n methods i n which t h e flow and t h e species e q u a t i o n s a r e s o l v e d s e q u e n t i a l l y and a r e n o t d i r e c t l y coupled. Since i n most c h e m i c a l l y r e a c t i n g flows t h e c o u p l i n g between species and flow v a r i a b l e s i s s t r o n g , e x p l i c i t methods a r e g e n e r a l l y n o t r o b u s t and v e r y slow i n convergence. Most i m p l i c i t methods, such as t h e p o p u l a r Beam The two-dimensional unsteady Navier-Stokes and species t r a n s p o r t equat i o n s for c h e m i c a l l y r e a c t i n g flows, i n C a r t e s i a n c o r d i n a t e s , a r e g i v e n by ( r e f s . s t a n t t u r b u l e n t P r a n d t l and Schmidt numbers ( P r t = S c t = 0.9). 
c o s i t y model, t h e d i s t r i b u t i o n o f v o r t i c i t y i s used t o determine t h e l e n g t h scales. The p r i m a r y advantage o f t h i s model i s t h a t t h e boundary l a y e r t h i c kness which i s o f t e n d i f f i c u l t t o d e f i n e i n complex flows does n o t need t o be c a l c u l a t e d . However, i t i s found i n t h e p r e s e n t study t h a t i n t h e v i c i n i t y o f t h e i n j e c t o r v e r y l a r g e v o r t i c i t y i s generated by t h e i n j e c t o r flow and, as a r e s u l t , v e r y l a r g e t u r b u l e n t v i s c o s i t i e s (about t h r e e o r d e r s o f magnitude g r e a t e r than t h e l a m i n a r v i s c o s i t y ) a r e c a l c u l a t e d i n t h i s r e g i o n . T h i s l a r g e t u r b u l e n t v i s c o s i t y m i g h t n o t be p h y s i c a l and m i g h t a f f e c t t h e accuracy i n p r ed i c t i o n s o f t h e flow s t r u c t u r e as w e l l as t h e m i x i n g between t h e f u e l and a i rstream i n t h e immediate v i c i n i t y o f t h e i n j e c t o r .

Due t o t h e h i g h l y n o n l i n e a r n a t u r e o f t h e chemical k i n e t i c s , e f f e c t s o f t u r b u l e n c e on r e a c t i o n r a t e s can be l a r g e , e s p e c i a l l y i n r e g i o n s w i t h h i g h t u rbulence i n t e n s i t y , such as t h e m i x i n g l a y e r , r e c i r c u l a t i o n zone, and i n t h e v i c i n i t y o f t h e f u e l i n j e c t o r . To account f o r such i n t e r a c t i o n e f f e c t s would r e q u i r e a very s o p h i s t i c a t e d t u r b u l e n c e r e a c t i o n c l o s u r e o r a d i r e c t numerical s i m u l a t i o n (DNS). Since no e f f e c t i v e t u r b u l e n t combustion model i s c u r r e n t l y a v a i l a b l e which can handle d e t a i l e d f i n i t e r a t e c h e m i s t r y and t h e DNS methods f o r complex r e a c t i n g flows a r e s t i l l under development, t h e i n t e r a c t i o n s between t u r b u l e n c e and c h e m i s t r y i s n o t considered i n t h e p r e s e n t study.
NUMERICAL METHOD
LU-SSOR Scheme
Here, XA 
I t should be mentioned t h a t t h e f a c t o r i z a t i o n o f e q u a t i o n (14) i s n o t unique, and among v a r i o u s forms we have t r i e d e q u a t i o n (14) g i v e s t h e f a s t e s t convergence t o s t e a d y -s t a t e s o l u t i o n s . I f p = 1, t h e scheme reduces t o a Newton i t e r a t i o n i n t h e l i m i t A t + m:
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It is interesting to note that for nonreacting flows ( S = 0 and H = 0 in eq. (23)) the present numerical method eliminates the need for banded block matrix inversions without using the diagonalization procedure. In fact, with forward (for the first operator in eq. (23)) and backward (for the second operator) sweeps in the diagonal directions (indices i and j increasing or decreasing simultaneously), only scalar diagonal inversions are needed to solve equation (23) for nonreacting flow problems. For reacting flows, due to the presence of the chemical source Jacobian H, the first operator on the lefthand side of equation (23) now requires block diagonal inversions. However, since in the present formulation the flow equations (continuity, momentum, and energy equations) have no source terms, the first four rows of the diagonal block (DIAG) of this operator have nonzero terms only in the diagonal. A s a result, the first operator of equation (23) can be inverted in essentially two separate steps: the scalar diagonal inversion for the flow equations and the block diagonal inversion for the species equations. The p r e s e n t r e s u l t s show l a r g e r H20 and s m a l l e r OH concen-Again, I n t e r a c t i o n s between t h e t u r b u l e n c e and chemical r e a c t i o n s a r e n o t accounted f o r i n t h e p r e s e n t s t u d y . The i n t e r a c t i o n e f f e c t s a r e i m p o r t a n t i n most r a m j e t i s c r a m j e t combustor flows, e s p e c i a l l y for s i m u l a t i n g i g n i t i o n , f l a m e h o l d i n g s t a b i l i t y , and h e a t r e l e a s e r a t e , and should be considered i n t h e f u t u r e code improvement e f f o r t . 
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